Nanotechnology enables development and production of novel silver-based composite materials. We used in vitro tests to demonstrate the antimicrobial activity of a silver-silica nanocomposite compared to the activities of conventional materials, such as silver nitrate and silver zeolite. A silver-silica-containing polystyrene material was manufactured and shown to possess strong antimicrobial properties.
Many applications, including medicine and food production and storage, would benefit greatly from incorporation of safe and inexpensive long-lasting biocides into polymers, paints, or textiles (1, 5) . The antimicrobial effect of silver additives is broadly used in various injection-molded plastic products, in textiles (13) , and in coating-based applications, including air ducts, countertops, and food preparation areas (12) . Some important advantages of silver-based antimicrobials are their excellent thermal stability and their health and environmental safety (19) . However, like the use of all biocide products, the use of silver is strictly controlled by various national laws and control agencies. In the United States, the Environmental Protection Agency has regulated the use of silver as a biocide since 1954 (2) under the Federal Insecticide Fungicide and Rodenticide Act. In the European Union, a European biocide product directive (EU/BPD/98) imposes regulatory requirements on the use and claims associated with all biocide products (3) .
In the past few years, there has been a tremendous push for development of inorganic nanoparticles with structures that exhibit novel physical, chemical, and biological properties (34) . In particular, the potential benefits of nano-silver materials have been recognized by many industries due to the strong antimicrobial activity of silver against a broad spectrum of bacteria, viruses, and fungi and the low frequency of development of resistance (10, 30) .
Generally, silver-based antimicrobial additives consist of silver ions integrated into inert matrices consisting of ceramic, glass, or zeolite. Other silver additives based on silver salts or metallic silver may be readily incorporated into thermoplastic polymers, such as polyethylene, polypropylene, polystyrene, or nylon (5) . The bactericidal efficacy of silver-containing polymers is based on the release of silver ions (Ag ϩ ) through interaction with a liquid watery phase (19) . Although the antimicrobial effects of silver ions and salts have been intensively studied, the mechanism of the inhibitory action of silver on microbes is still not fully understood. It has been proposed that silver ions interact with disulfide or sulfhydryl groups of enzymes, causing structural changes that lead to disruption of metabolic processes followed by cell death (8, 11) . The inhibitory action of silver nanoparticles is also based on the release of Ag ϩ (20, 24) . Exposure of microorganisms to silver nanoparticles was shown to result in strong antimicrobial activity (6, 9, 26, 33) . In addition to the increased surface area and associated increased potential for the release of Ag ϩ , when dispersed in liquid suspensions, silver nanoparticles may accumulate in the bacterial cytoplasmic membrane, causing a significant increase in permeability and cell death (33) , and penetrate bacterial cells (28) . Recently, it has been suggested that the antimicrobial mechanism of silver nanoparticles may also be related to membrane damage due to free radicals that are derived from the surface of the nanoparticles (16) . This bactericidal activity also appears to be dependent on the size and shape of the silver nanoparticles (25) .
In this study, we evaluated the properties of a novel silversilica nanocomposite material (HeiQ AGS-20; HeiQ Materials, Bad Zurzach, Switzerland) used as an antimicrobial additive and compared its efficacy to the efficacies of the conventional silver additives silver nitrate (AgNO 3 ; 63.5% Ag) and silver zeolite (38% Ag bound to type A zeolite; SigmaAldrich, Buchs, Switzerland). The novel silver-silica nanocomposite material was produced using an industrial flame spray pyrolysis process. This process involves combustion of a flammable solvent containing homogeneously dissolved compounds as the source of components for the synthesis of the material (14, 21, 22) . A representative transmission electron micrograph of the silver-silica material is shown in Fig. 1 . The nanocomposite consists of silver nanoparticles embedded in a matrix of amorphous silicon dioxide (SiO 2 ). The SiO 2 fine structure consists of aggregate matrix particles with an average diameter of approximately 1 m (Fig. 1A) . Silver metal particles are located on the surface of the silica and are also embedded within the matrix (Fig. 1B) . High-magnification scanning transmission electron microscopy imaging of a localized region of a nanoparticle indicated that each silica particle contains many small silver metal particles with a typical diam-eter between 1 and 10 nm (Fig. 1C) . The specific surface area of the nanocomposite powder, as measured by nitrogen adsorption (7), is typically about 250 m 2 /g, a value which is consistent with the open structure of the silica aggregate shown in Fig. 1 . It can be concluded that, upon contact with moisture, the pure silver particles act as a source that releases silver ions, which represent the active antimicrobial principle (27) . Some key advantages of the novel nanocomposite are the dispersion of the discrete silver particles throughout the silica (which prevents agglomeration of the silver particles), the small diameter of the silver particles (which results in a large surface area and release of a large amount of Ag ϩ , which results in high antimicrobial efficiency), and the small size of the silver-silica composite (ca. 1 m) (which allows the material to be uniformly dispersed and readily incorporated into a variety of substrates, including synthetic fibers, plastics, and other thin or delicate materials). The silica structure acts as a convenient carrier for incorporating the fine silver particles into plastics, textiles, and coatings. A further advantage is that the immobilization of silver nanoparticles within the silica structure limits the potential for release and disposal of the nanoparticles themselves. This property may be highly desirable because of the possible abilities of nanoparticles to cross biological membranes and other barriers (31) .
The microorganisms and growth conditions used for antimicrobial testing are shown in Table 1 . The MICs for all combinations of silver materials and microorganisms were determined by preparing twofold serial dilutions of the additives in an appropriate growth medium ( Table 1) . The tubes were then inoculated with 10 7 CFU/ml from overnight cultures of the bacteria or 10 6 CFU/ml for Candida albicans and incubated on a shaker (180 rpm) for 24 h. The MIC was defined as the lowest Table 1 . All experiments were performed at least in duplicate. For bacteria, the MICs of the nanocomposite material ranged from 62.5 to 500 g/ml, corresponding to 12.5 to 100 g pure Ag/ml. The MICs of silver nitrate varied from 3.9 to 31.2 g/ml (corresponding to 2.4 to 19.8 g Ag/ml), and the MICs of silver zeolite ranged from 3.9 to 31.2 g/ml (corresponding to 2 to 12 g Ag/ml). The MBCs determined were in the ranges from 125 to 1,000 g/ml for the nanocomposite powder, from 7.8 to 31.2 g/ml for silver nitrate, and from 7.8 to 125 g/ml for silver zeolite. Growth of C. albicans was inhibited by 125 g/ml silver nanocomposite, and the minimal fungicidal concentration was 2 mg/ml. Development of visible colonies of A. niger on agar plates was also completely inhibited by 2 mg silver nanocomposite per ml agar.
In general, gram-positive bacteria appeared to be more tolerant to silver than gram-negative cells (Table 1) , except for Enterococcus faecalis, for which the MICs and MBCs were similar to those for gram-negative bacteria. It has previously been reported that gram-positive bacteria are less susceptible to the antimicrobial activity of silver (15, 16, 29) . It was speculated that this may be due to differences in the cell wall structure (15) . The cell wall of gram-positive bacteria contains multiple layers of peptidoglycan compared to the cell wall of gram-negative bacteria. Peptidoglycan is a complex structure and often contains teichoic acids or lipoteichoic acids which have a strong negative charge, which may contribute to sequestration of free Ag ϩ ions. Thus, gram-positive bacteria may allow less Ag ϩ to reach the cytoplasmic membrane than gramnegative bacteria allow (15) and may therefore be less susceptible.
Susceptibility tests using different silver compounds in previous studies revealed that the MICs of silver particles for Escherichia coli ranged from 2 to 75 g/ml (24, 32) . However, because corresponding silver concentrations were not specified, it is not possible to compare these values to our results. For silver zeolite containing 1.9% (wt/wt) Ag, the previously reported MICs determined by using a similar protocol ranged from 256 to 2,048 g/ml, corresponding to 4.8 to 38.4 g/ml of Ag (15) . Here we used silver zeolite containing 38% (wt/wt) Ag to determine the MIC for E. coli. The MIC determined (1.9 to 3.9 g/ml) was much lower than the previously reported MICs of the silver zeolite containing 1.9% Ag. The nanocomposite material had an MIC of 62.5 g/ml (12.5 g Ag/ml) for E. coli.
Not considering the relative Ag content, silver nitrate and silver zeolite (38% Ag) resulted in inhibition that was approximately 10 times more effective than the inhibition observed with the nanocomposite. This can be explained by the fact that in aqueous systems silver nitrate dissolves completely and the silver is completely available in its biologically active ionic form. The silver ions held in the zeolite structure are also relatively rapidly released into solution. In contrast, the silver nanoparticles embedded within the silica matrix release Ag ϩ in a more gradual, controlled manner and at a much lower rate (18) . Thus, although silver nitrate and silver zeolite are more effective in applications where high Ag ϩ concentrations are required immediately, the effect is only short lived. In contrast, the nanocomposite powder allows slow and controlled release of Ag ϩ , resulting in long-term antimicrobial activity. This should be a clear advantage in any long-term antimicrobial applications (e.g., contact surfaces, fibers, plastics, medical devices, food-manufacturing equipment, cutting boards, etc.).
To examine the antimicrobial properties of a typical application product, silver-containing polystyrene plates were manufactured from commercially available polystyrene polymer (clear, unfilled) using a thermoplastic injection-molding process (17, 23) . Test coupons that were 50 by 50 by 1.5 mm and contained the nanocomposite material (0.25% [wt/wt], corresponding to approximately 500 ppm Ag) were produced by dry blending the polystyrene polymer with the required amount of polymer concentrate containing the silver nanocomposite additive, which was followed by injection molding. The antimicrobial activity was determined by using the Japanese industrial standard test (JIS Z 2801:2000) (4). In brief, the test samples were placed in petri dishes and inoculated with 0.4 ml of a bacterial culture containing 10 5 to 10 6 CFU/ml. The inoculum was covered with a polyester film (X-131 transparent copier film; Folex Imaging), and the petri dishes were incubated at 37°C for 24 h in a humid chamber to prevent desiccation. After the incubation period 20 ml of extraction solution (0.1% [vol/vol] Tween 20, 145 mM sodium chloride, 20.5 mM sodium phosphate; pH 7.4) was added to the petri dishes and shaken for 2 min. Subsequently, serial dilutions of the extraction solution were spread on agar plates in triplicate and incubated at 37°C overnight. Colonies were counted visually, and the numbers of CFU per sample were determined. The activity value was calculated from the mean value for the individual samples by subtraction of the log value determined for the test sample from the log value determined for the control. The results for viable counts determined for the control and the silver nanocomposite-containing samples are shown in Table 2 . The activity values determined by the JIS Z 2801:2000 method (4) were 4.4 for E. coli and 2.1 for Staphylococcus aureus (P Ͻ 0.05, Student's t test [n ϭ 3]). The results demonstrate that the silver-silica nancomposite-containing polystyrene material has significant antibacterial activity against both E. coli and S. aureus.
In this study, a silver-silica nanocomposite material with a novel structure and composition was investigated to determine its antimicrobial properties. The material exhibited very good antimicrobial activity against a wide range of microorganisms. The inhibition of microbial growth due to surface contact with the silver-silica nanocomposite-containing polystyrene demonstrated that materials functionalized with the silver nanocom- 
